Children conceived using Assisted Reproductive Technologies (ART) have a higher incidence of growth and birth defects, attributable in part to epigenetic perturbations. Both ART and germline defects associated with parental infertility could interfere with epigenetic reprogramming events in germ cells or early embryos. Mouse models indicate that the placenta is more susceptible to the induction of epigenetic abnormalities than the embryo, and thus the placental methylome may provide a sensitive indicator of 'at risk' conceptuses. Our goal was to use genome-wide profiling to examine the extent of epigenetic abnormalities in matched placentas from an ART/infertility group and control singleton pregnancies (n = 44/ group) from a human prospective longitudinal birth cohort, the Design, Develop, Discover (3D) Study. Principal component Human Molecular Genetics, 2019, Vol. 28, No. 3 373 analysis revealed a group of ART outliers. The ART outlier group was enriched for females and a subset of placentas showing loss of methylation of several imprinted genes including GNAS, SGCE, KCNQT1OT1 and BLCAP/NNAT. Within the ART group, placentas from pregnancies conceived with in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) showed distinct epigenetic profiles as compared to those conceived with less invasive procedures (ovulation induction, intrauterine insemination). Male factor infertility and paternal age further differentiated the IVF/ICSI group, suggesting an interaction of infertility and techniques in perturbing the placental epigenome. Together, the results suggest that the human placenta is sensitive to the induction of epigenetic defects by ART and/or infertility, and we stress the importance of considering both sex and paternal factors and that some but not all ART conceptuses will be susceptible.
Introduction
Infertility and its treatment, including assisted reproductive technologies (ART) such as intracytoplasmic sperm injection (ICSI), superovulation and embryo culture, affect germ cell and embryo development at times when the epigenome undergoes dramatic remodeling (1) . A number of studies in the early 2000s suggested that there was an increase in epigenetically based human imprinting disorders amongst children conceived using ART (2-6) and reviews at that time argued for biological plausibility based on emerging findings on the timing of DNA methylation events in germ cells and preimplantation embryos (7) . Two main possible causes for the imprinted gene methylation defects were suggested; first, the underlying infertility of the parents, or second, the techniques used in ART. The DNA methylation abnormalities of imprinted genes were reported in the sperm of infertile men supporting the former possibility (8) (9) (10) (11) (12) . Mouse and bovine experiments in which the use of assisted reproduction techniques can be separated from infertility supported the latter possibility with various techniques, such as superovulation, ICSI, embryo culture and embryo transfer, individually and in combination, leading to DNA methylation defects in imprinted regions in the offspring (13) (14) (15) (16) (17) (18) (19) .
Since the first reports, studies of the effects of ART on imprinting in humans have reached different conclusions. A recent systematic review and meta-analysis concluded that there was an increase in imprinting disorders in children conceived through ART but, due to heterogeneity in study populations and methodologies in existing studies, there was insufficient evidence for an association between ART and the methylation of imprinted genes (20) . From the published data it was suggested that ART-associated DNA methylation defects may be subtle and difficult to detect and that more controlled studies, carefully defined clinical populations and standardized methodologies would be needed to provide definitive answers.
Recent mouse and human ART studies along with advances in techniques to examine DNA methylation such as pyrosequencing, array and next generation sequencing, provide new insights and support for approaches to examine connections between human infertility, ART or their combination, in inducing epigenetic defects in ART-conceived children. Mouse and human studies using genome-wide techniques indicate that DNA methylation defects associated with ART clearly extend beyond imprinted genes to other sequences that may affect growth and development in children (21) (22) (23) (24) (25) (26) . The concept that only a subset of offspring, termed 'outliers' will be affected by ART has emerged in both mouse (19) and human (27) reports, suggesting that there may be susceptible individuals but that most conceptuses may be able to escape, compensate, eliminate or reverse early epigenetic abnormalities. The existence of epigenetic 'outliers' may help explain inconsistent reports of imprinted gene defects in human ART studies. In the mouse model there is evidence of cumulative effects of assisted reproduction procedures on placental development and epigenetic perturbations (14, 19) . In addition, our group recently showed that compromised oocyte quality could exacerbate imprinted and genome-wide DNA methylation defects associated with ART (24) , providing proof of concept in a rodent model that factors influencing parental fertility and ART can interact. Finally, several mouse studies indicate that the placenta is particularly susceptible (or permissive) to the induction by ART of DNA methylation defects, suggesting that this tissue may provide a sensitive indicator of early epigenetic perturbations that may affect the embryo either directly or indirectly via alterations in placental function (13) (14) (15) 19, 24, 28, 29) .
Here, we examined links between ART and epigenetic abnormalities using the Quebec-based Canadian 3D (Design, Develop, Discover) longitudinal pregnancy cohort that was specifically designed to include an ART subgroup of singleton pregnancies and from which spontaneous pregnancies could be chosen for matching in terms of factors that could affect epigenetic states such as length of gestation, birth weight, maternal and paternal age (30) . A particular advantage of the Design, Develop, Discover (3D) study was that we could choose well-defined biological samples that were collected in a standardized fashion from ART and control pregnancies of individuals recruited at the same publically funded hospital over the course of 2 years. As an initial approach, we chose to examine the placenta hypothesizing that, as in mouse ART studies, this tissue may reveal evidence of epigenetic abnormalities occurring early in development associated with the use of human ART. The Illumina HumanMethylation450 (450K) BeadChip arrays were used to examine DNA methylation on a genome-wide basis, and DNA methylation alterations were validated methodologically with a second locus-specific assay, pyrosequencing and replicated in an independent sample of ART and control tissues.
Results

Demographics of the ART and control cohorts
The demographics and birth characteristics of the 44 ART pregnancies and 44 controls selected for the epigenetics study are summarized in Table 1 . Overall, parameters for both groups were not statistically different including smoking status during pregnancy, baby's sex, obstetrical complications, delivery route (vaginal or cesarean section), gestational age at delivery, paternal and maternal age and maternal body mass index (BMI). The characteristics of the ART/infertility group (referred to as ART group from here on) are shown in Table 2 . In vitro fertilization (IVF) was used in 23 cases (18 by ICSI and 5 by classical IVF), 11 pregnancies took place after intrauterine insemination (IUI) and 10 pregnancies occurred spontaneously after more than 1 year of regular unprotected intercourse (clinically defined as infertility, average = 31.6 months, standard deviation = 15.4 months). For all participants in the IVF/ICSI group, embryos were transferred at the blastocyst stage, the majority during a fresh cycle (n = 20 of a total of 23 cycles).
Differential DNA methylation analysis defines a subset of ART samples
The placental DNA from each participant was bisulfite modified and analyzed using the Illumina Infinium Human Methylation450 BeadChip. All 88 samples passed quality control assessment and were used for downstream analysis (see Materials and Methods). Principal component analysis (PCA) was performed on all probes for all 88 samples in the ART and control groups (Fig. 1) . A subset of samples (n = 15) was determined to be outliers from the rest of the sample group as described in the methods; the clinical features of this group are shown in Supplementary Material, Table 1 . In order to account for the outlier group in our differential DNA methylation analysis between ART and control, we used the limma R package to perform regression analysis of DNA methylation level as the variable dependent on a range of factors and confounders: the ART status, outlier status, sex, delivery route, maternal and paternal age, smoking status and term versus preterm delivery. We found no statistically significant DNA methylation differences in ART versus control groups, after accounting for other factors and after adjustment for multiple testing using either false discovery rate or Bonferroni correction (threshold set at P < 0.05). However, as many as 84 270 CpG sites showed significant differences in DNA methylation attributable to the outlier group status (P < 0.05 after Bonferroni correction) with DNA methylation differences as large as 30% (Supplementary Material, Fig. 1 ). Only 62 CpG sites showed significant DNA methylation differences due to sex (P < 0.05 after Bonferroni correction).
DNA methylation outliers were enriched in placentas of female and ART pregnancies
Since we were unable to identify differentially methylated CpG sites in our ART group, due to the strong effect of the outlier group, we set out to test the outlier samples against several clinical attributes to identify associations with specific clinical criteria. We found that placenta samples from female born infants and from pregnancies conceived with ART were statistically enriched (P < 0.05) in this outlier group ( Fig. 2 and Supplementary Material, Table 2 ).
Identification of placental samples with alteration in imprinted genes
Epigenetic alterations at imprinted genes have previously been associated with the use of ART. Therefore, we extracted from the Illumina 450k array, 602 CpG sites that overlap known differentially methylated regions of imprinted loci in the genome (Supplementary Material, Table 3 ). Using PCA, we identified a subset of the ART and control samples that grouped together and separate from the remaining samples (Fig. 3A) . This group overlaps strongly (14 out of 15 samples) with the group identified in Figure 1 indicating that the outlier group methylation profile contributes to alteration in genomic imprinting in these samples. Next we generated a heatmap on the same samples and ordered the samples based on the principal component 1 identified in Figure 3A . As displayed in Figure 3B , there was an enrichment of samples from the outlier group that were grouped together along PC1 based on their DNA methylation profiles at imprinted loci. Several imprinted regions showed loss of DNA methylation in the outlier group compared to the remaining samples and in the ART group compared to controls including for SGCE on chromosome 7, the KCNQ1OT1 differentially methylated regions (DMR) (also known as KvDMR) on chromosome 11 and the BLCAP/NNAT DMR on chromosome 20 (Supplementary Material, Fig. 2 ). Furthermore, our data showed that the GNAS cluster on chromosome 20 showed loss of DNA methylation across a large number of probes in the outlier group and in the ART group in general. In order to validate the importance of loss of DNA methylation at the GNAS cluster in ART, we selected an imprinted region within the GNAS cluster overlapping GNAS1A using bisulfite pyrosequencing as previously described (22) . The pyrosequencing data validated the array data where, first, most of the outlier samples, both in ART and control groups, were less methylated at GNAS1A compared to the rest of the samples and second, ART samples were statistically significantly less methylated than controls (Fig. 4A ).
Global analysis of DNA methylation
In order to identify if there was any global defect in DNA methylation in our placental cohort, we performed genome-wide DNA methylation analysis of all CpG sites in both ART and controls as well as in the outlier versus non-outlier groups separately for ART and controls. As shown in Supplementary Material, Figure  3A , we did not observe any genome-wide DNA methylation differences when ART was compared to controls. Differences in DNA methylation were observed only in the outlier groups both in the ART and control cohorts (Supplementary Material, Fig 3B) . Next, we did pyrosequencing analysis of the long interspersed nuclear elements (LINE-1). Approximately, half a million LINE-1 elements exist in the genome and they are normally heavily methylated in these repetitive regions. Thus, analyzing the methylation of repetitive elements can serve as a surrogate marker for global genomic DNA methylation. Our data did not show any significant differences in the DNA methylation at these LINE-1 elements in ART versus controls (Fig. 4B ) either with the outlier group (unpaired t-test, P = 0.46) or without it (unpaired t-test, P = 0.43, data not shown).
DNA methylation differences between in vitro and in vivo ART groups
Next, we examined whether the ART-associated differences in DNA methylation could be attributed to the method used prior to conception. We divided the ART group into two main subgroups. The first sub-group was made up of samples collected from pregnancies conceived in vivo (n = 21) defined here as samples from individuals with clinically defined infertility conceiving spontaneously and pregnancies conceived with the use of intrauterine insemination. The second in vitro sub-group (n = 23) was defined here to include samples from pregnancies conceived with the use of IVF and/or ICSI. Differential DNA methylation analysis between these two groups identified a subset of 436 CpG sites that were significantly different (q < 0.05, after False Discovery Rate (FDR) correction) and mostly showing increased DNA methylation in the in vitro group compared to in vivo group (Supplementary Material, Table 4 ). Both unsupervised hierarchical clustering of the 436 CpG sites (Fig. 5A ) as well as PCA (Fig. 5B ) identified a subset of the in vitro group that clustered separately from the remaining samples (n = 14 on the right side of Fig. 5A ). Further analysis of the clinical attributes of these groups identified an association/enrichment of male factor etiology for infertility and increased paternal age in the separate cluster of the in vitro group compared to the in vivo and the remaining in vitro group (Table 3) .
Validation of in vitro versus in vivo group DNA methylation using targeted bisulfite pyrosequencing
The top statistically significant differentially methylated CpGs included sites mapping to the promoter region of miR-663A (cg03940098, q = 0.01; cg18291941, q = 0.03), on 20p11.1, SLITRK5 (cg09083627, q = 0.01; cg15778745, q = 0.04), SLIT and NTRK-like family, member 5 on 13q31.2 and an uncharacterized proteincoding gene WBSCR17 (cg21135135, q = 0.04), Williams-Beuren syndrome chromosome region 17 on 7q11.22. These findings were further validated using bisulfite pyrosequencing on the same samples (n = 44) (Fig. 6) , and the two methods demonstrated significant differences between the in vivo and in vitro groups.
Testing of DNA methylation differences at candidate genes in an independent ART cohort
Next we wanted to verify that we could replicate our findings in an independent placenta cohort of samples conceived using IVF.
We identified 7 in vitro cases conceived using IVF and 11 controls from placentas collected through the placental biobank at Mount Sinai Hospital in Toronto. Using available DNA methylation data from Illumina 450k array studies, we extracted the DNA methylation levels at the three candidate loci identified in our study overlapping miR-663A, SLITRK5 and WBSCR17. Since we did not have access to an in vivo group for comparison, we used the control group from the two cohorts for comparison of DNA methylation levels. As shown in Supplementary Material, Figure 4 , both in the test and in the replication cohort there was an increase in DNA methylation in the in vitro group compared to the control group further validating our initial results with the ART samples from the 3D Study.
Pathway analysis of the candidate differentially methylated genes between in vivo and in vitro analysis. with neurological functions such as the glutamate ionotropic receptor AMPA type subunit 2 (GRIA2), SHANK 3; the gammaaminobutyric acid (GABA) receptor, oxytocin (OXT) and the neuropeptide Y receptor Y5 (NPY5R). Analysis of the top functional categories of deregulated genes pointed to cellular growth and proliferation, cellular development and function and cell-to-cell signaling and connection (Table 4 ). The top associated diseases and disorders included developmental and neurological disorders. As for physiological system development and function, we found significant associations with embryonic and nervous system development.
Discussion
Animal studies indicate that the placenta is susceptible to the induction of epigenetic abnormalities by ART. To date, few studies have examined the human placental DNA methylome from ART and matched control pregnancies using high density array-based approaches. Using 450K arrays we show that ART placentas are enriched for outliers with predominant DNA hypomethylation at imprinted genes, suggesting that only a subset of ART pregnancies may be susceptible to the induction of imprinting defects. Within the ART group, subgroups could be identified by DNA methylation clustering analysis, differentiated according to infertility and type of ART procedure and affecting numerous genomic regions including those involved in cellular and nervous system development and function. Together, the results indicate that the effects of ART extend beyond imprinted domains to other potentially important regions in the genome and support the use of well-characterized clinical samples and genome-wide studies to assess epigenetic abnormalities associated with infertility and ART. For the current study ART and control pregnancies were from the same Quebec-based 3D-Study pregnancy cohort (30) . In 2010 the province of Quebec implemented public funding for ART programs linked with a policy of single embryo transfer for women ≤35 years of age (31) . Within 1 year of program implementation, multiple pregnancy rates, in ART pregnancies, in the province had decreased from 33.3 to 3.9% in women ≤35 years of age. Here, women were recruited between 2010-12 and thus most of the ART pregnancies in the 3D-Study cohort were singleton pregnancies. This low level of multiples amongst the ART group along with the 3D-Study design facilitated the matching of ART and control pregnancies for hospital of delivery, maternal age, gestational age at delivery, baby's gender and maternal smoking status. As information on histories of infertility and time to pregnancy were collected, control pregnancies without a history of infertility could be selected. Other than infertility and/or ART the characteristics of the ART and control groups were very similar. By design, the ART group itself was heterogeneous in nature and divided roughly into two groups, those that were clinically infertile but subsequently conceived spontaneously with increased time to pregnancy or used IUI and those where the more invasive IVF or IVF/ICSI techniques were used. For all IVF and IVF/ICSI cases, embryos were transferred (the majority fresh) at the blastocyst stage, an important consideration since embryo culture has been associated with the induction of epigenetic abnormalities in mouse studies (13, 16, 29) . Placental tissues were collected using standardized protocols and a specialized grid to identify sampling sites, minimizing differences between the control and ART groups that could potentially affect the DNA methylation results (32) .
Our initial analysis of the 450K data did not identify differentially methylated CpGs between placentas of the ART and control groups. This is similar to the findings of a recent 450K methylation array study of air-dried blood spots from 76 children conceived by ICSI, 18 by IUI and 43 controls where general overall methylation differences between the groups were small; in this study PCA analysis did not cluster the three groups (23) . Another recent 450K based study on cord blood of control and ICSI children also reported extensive overlap in methylation levels between ART and control samples and small differences in methylation between groups (26). In a genome-wide methylated DNA immunoprecipitation coupled with deep sequencing study of cord blood of twins, genome-wide significant signals in relation to method of conception (IVF versus non-IVF) were not identified; however, although only a single site differed with an FDR of 5%, 46 IVF-associated DMRs were identified at an FDR of 25% (25) . Together the current study and recent equivalent genomewide approaches suggest that heterogeneity among samples complicates the analysis of DNA methylation between control and ART pregnancies.
To explain the inconsistent results in the literature regarding differences in DNA methylation between control and ART cord blood or placentas, Ghosh and colleagues (27) proposed that individuals may differ in their susceptibility to environmental influences on epigenetic marks in early development. In support of their hypothesis they identified 'outlier' DNA methylation in the cord blood of a subset of children conceived by ART. 'Outlier' DNA hypomethylation has also been reported in a mouse ART model (19) . Similarly, in the current study on placental methylation, while overall ART versus control group comparisons were not informative, PCA was able to identify an 'outlier group', enriched in ART pregnancies. The outlier group showed an altered DNA methylation pattern when compared to the non-outlier groups for the ART versus controls comparison. Lower DNA methylation was observed mostly for the intermediate DNA methylation ranges. Intermediate DNA methylation is characteristic of imprinted genes which are very important for placental development. Further, as altered DNA methylation at imprinted genes has been reported in several ART mouse and human studies, we identified an enrichment of the outlier samples with imprinted genes alterations.
While the magnitude of the methylation changes in imprinted genes was small, numerous CpG sites were affected in multiple imprinted genes. The major effect was imprinted gene hypomethylation, a finding also reported in placentas in human (21, (33) (34) (35) and mouse ART studies (19) . Our findings are biologically plausible as imprinted gene methylation must be maintained during preimplantation development, a time coinciding with the use of ARTs such as embryo culture, which in our study was predominantly through to the blastocyst stage.
Interestingly, although different analyses were used, both our study and that of Ghosh et al. (27) identified DNA methylation outliers associated with ART in similar proportions of pregnancies, 11 of 44 and 9 of 46, respectively. Despite the relatively small size of the 'outlier' group, it is intriguing that female sex emerged as significant; the results suggest that some female conceptuses may be more susceptible than males to the induction by ART of epigenetic abnormalities. Recent epidemiologic studies, where ART procedures would be similar to those used in our study, have reported sex skewing in humans with higher male birth rates (36, 37) . Both human and mouse model studies have suggested potential mechanisms underlying a skew toward males following ART. A systematic review and meta-analysis suggested that blastocyst transfer appears to be associated with a sex ratio skewed in favor of males (38) . Prolonged embryo culture (i.e. the move toward transfers at 6 days rather than 3 days) is one of the factors implicated in perturbing early epigenetic patterns (1, 13) . The majority of the embryos in our cohort were transferred at the blastocyst stage due to Quebec's single embryo transfer policy at the time the 3D Study was conducted. The requirement of DNA methylation for X chromosome events in female preimplantation embryos has been suggested to make them more vulnerable to conditions such as superovulation that might perturb oocyte or preimplantation embryo quality including the enzymes involved in DNA methylation (39, 40) . Fitting with this suggestion, in the mouse, lower levels of the DNA methylating enzyme, DNMT1o, in oocytes, more severely affected the histology and epigenetic profiles (with a preponderance of hypomethylation) of the placentas of females as compared to males (41) . In another study, mouse IVF was associated with a skewed sex ratio (more males) and was attributed to impaired imprinted X chromosome inactivation (28) . Together, both human and animal studies provide plausible explanations for our findings of increased placental epigenetic 'outliers' amongst females. As more ART clinics culture human embryos to the blastocyst stage, the potential epigenetic vulnerability of female conceptuses warrants careful attention in future epigenetic profiling studies of placentas and children.
Infertility of the parents may confound efforts to determine the contribution of techniques such as IVF and ICSI to alter epigenetic patterns in the offspring. One approach to this issue, which we took here, is to compare pregnancy outcomes between non-IVF/ICSI and IVF/ICSI-conceived conceptuses within the population seeking ART. Thus we examined placental DNA methylation in a subgroup of our samples, where parents were either clinically infertile, conceiving spontaneously with increased time to pregnancy or those using IUI, or were considered infertile and were treated with IVF/ICSI. The two types of infertile groups showed different methylation profiles genomewide, suggesting that use of IVF/ICSI results in abnormal epigenetic outcomes. More marked, was the identification of a clear sub-group, enriched for paternal infertility and older paternal age, amongst the IVF/ICSI placentas. Both male infertility and paternal age have been linked to altered DNA methylation in sperm in 450K array based studies (42, 43) . The predominant type of epigenetic abnormality found in the placentas of our in vitro IVF/ICSI cohort was increased levels of DNA methylation. The results for a subset of genes were validated in the same cohort using bisulfite pyrosequencing and replicated in an independent Toronto cohort. Understanding the mechanism and basis for the observed hypermethylation and whether it is also found in the offspring or possibly identifies offspring that are more likely to have other types of epigenetic abnormalities will require further study. We suggest that epigenetic defects underlying male infertility and the techniques used in ART may interact. For instance, techniques such as superovulation or prolonged embryo culture may allow epigenetic alterations found in the sperm of infertile men to be propagated or persist and subsequently be detected in placenta. Interactions between infertility and techniques used in ART could be modeled in mouse studies, but to our knowledge, this has not been done.
Nevertheless, in comparing the in vivo versus in vitro infertile groups, there were many interesting genes and pathways identified. Many affected genes were related to cellular and embryonic growth and development including that of the nervous system. Similar pathways have been identified as enriched in placentas in a recent mouse ART study that examined DNA methylation on a genome-wide level (24) . In our study, at the individual gene level, we identified SLITRK5, one of the most widely implicated genes in the pathology of obsessive compulsive disorders as well as many other neuropsychiatric disorders (44, 45) . MiR-663A was also identified and has been suggested to be associated with autism and different types of tumors based on multiple studies (46, 47) . Additionally, WBSCR17, another gene identified in our study, is a polypeptide N-acetylgalactosaminyltransferase (GalNAc-T) gene, which is designated Williams-Beuren syndrome chromosome region 17 (WBSCR17) because it is located in the chromosomal flanking region of the Williams-Beuren syndrome deletion; a range of neurodevelopmental issues including autistic traits is seen in patients with this syndrome (48, 49) . Further studies on genes involved in neurodevelopment and autism are warranted in the light of a recent meta-analysis suggesting that the use of ART may be associated with a higher risk of autism spectrum disorder (50) . Interestingly SLITRK5, MiR-663A and WBSCR17 all have methylation values characteristic of those found in partially methylated domains (PMDs), regions of intermediate levels of DNA methylation. Genome-wide sequencing has identified large regions of PMDs in the placental methylome. Genes within PMDs are enriched in neuronal developmental genes, are repressed in placenta and have tissue-specific functions (51) . Thus, alterations in DNA methylation within placental PMDs such as the increases in methylation seen between the in vitro and in vivo groups could potentially impact gene expression patterns postnatally.
While relatively small in size, our study has important strengths including the prospective nature of its design with careful matching of control and ART groups from the same study and the use of genome-wide DNA methylation analysis. We provide further support for the concept of more susceptible ART pregnancies or 'outliers' as well as the importance of including infertile individuals to help control for background infertility, and suggest that these factors should be considered as larger populations are studied. Our study also has limitations including those inherent in using 450K arrays (rather than a whole-genome-sequencing-based approach) that probe only a small percentage of the ∼30 million CpGs in the genome and exclude key regions such as enhancers and do not provide precise quantitative results as with sequencing, and the inability to test whether certain ART techniques are more likely than others to be associated with DNA methylation perturbations (e.g. prolonged embryo culture, frozen versus fresh embryo transfers). Important unanswered questions include whether placental epigenetic abnormalities associated with ART, such as those reported here, are tolerated by the placenta, can adversely affect normal placental function or perhaps provide an indicator of the most vulnerable conceptuses. In the context of a prospective longitudinal study such as the 3D study, epigenetic profiling of placenta at birth may provide guidance as to those children to follow more carefully later in life.
Materials and Methods
3D cohort study
The 3D Study, is a prospective, longitudinal study, in which pregnant women and their partners were recruited (May 2010-August 2012) from nine sites in Quebec and followed with their children up until 2 years of age (30) . The primary objective of the 3D Study was to prospectively collect quality data in order to address the intrauterine determinants of important adverse obstetrical outcomes such as intrauterine growth retardation and preterm birth as well as the links between exposure from conception to birth and patterns of early childhood development. The 3D Study recruited 2366 women in their first trimester of pregnancy (10-14 weeks), and gathered extensive medical, obstetrical, environmental and socio-demographic data on the mother-father-child triad from conception until 2 years postpartum, correcting for age in premature infants.
After recruitment, participants were seen during the second (20-24 weeks) and third (32-35 weeks) trimesters of pregnancy and at delivery. The 3D Cohort included a sub-group pregnant after using ART with the same pattern of follow-up but with a specific questionnaire on the details of the ART used to achieve pregnancy. Questionnaire data were collected prenatally and postnatally along with various biospecimens. At delivery, cord blood, placenta samples, meconium and maternal and infant hair samples were collected. Blood and urine samples were obtained from the spouse of participating women.
Women were between 18-47 years old at the time of recruitment, able to communicate in French or in English and planned to deliver in one of the participating study hospitals in Quebec. Exclusion criteria included current intravenous drug use, severe illnesses or life-threatening conditions and multiple gestation pregnancies.
ART study design
A cohort study design was used for the epigenetic studies. As part of the main 3D Study, cases (the ART or infertility group) were from a single large academic university-associated infertility clinic (the McGill University Health Centre Reproductive Centre at the Royal Victoria Hospital -Montreal -Quebec, Canada) and gave birth at the Royal Victoria Hospital. Control pregnancies without a parental history of sub-fertility gave birth at the same hospital as the cases. The groups included the following: (1) controls (naturally conceived in <6 months), (2) ART or infertility cohort (= cases) distributed as follows: (i) clinical infertility subsequently conceiving spontaneously (time to pregnancy >1 year) with no medical treatment, (ii) infertility with the use of a medically assisted reproductive technique (ovarian stimulation and artificial insemination (IUI); classical IVF; ICSI. Exclusion criteria for the cases included low birth weight, macrosomia, use of preimplantation genetic diagnosis and the use of donor sperm. Participants that were unexposed to ART were selected based on the following matching criteria: same delivery hospital as cases, maternal age (+/− 2 years) at the time of delivery, gestational age at delivery with a matching on prematurity (before or after 37 weeks of gestation and overall +/− 2 weeks), baby's sex, maternal tobacco status (never smoked, stopped tobacco before pregnancy, continued to smoke during pregnancy). This study received approval from the institutional ethics review board of the CHU Sainte-Justine Hospital Centre (acting as the central ethics review board for the 3D cohort study) in Montreal, Quebec.
Placenta collection
A 3D Study research assistant was present at the time of placenta delivery. After rinsing the placenta to remove excess blood, the placenta was placed on the fetal side, with the cord facing upward. Biopsies were taken by using a transparent grid with a hole for the cord and other holes for additional biopsies. Each transplacental biopsy was separated into three sections (chorion, trophoblast, decidual tissue) for immediate freezing in a bath of ethanol and dry ice, and then stored at −80
• C. Central (near cord insertion) biopsies taken 1 cm below the chorionic plate were used for the current study. DNA extractions were performed with the QIAamp DNA Mini Kit (QIAGEN) according to manufacturer's instructions.
DNA methylation analyses
We profiled a total of 88 placental samples, 44 samples derived from pregnancies conceived using ART and 44 samples derived from spontaneously conceived pregnancies (for demographic information, see Table 1 ). All these placental samples were collected at the same institution and within a 2 year period. Control and ART samples were matched for infant sex, gestational age and maternal age. Infants born from these pregnancies had normal birth weight percentile. Control and ART DNA samples were sodium bisulfite converted using the Qiagen EZ DNA Methylation kit (Qiagen, Valencia, CA), according to the manufacturers protocol. Modified genomic DNA was then processed and analyzed on the Infinium HumanMethylation450 BeadChip from Illumina (Illumina 450K) according to the manufacturer's protocol. The distribution of the samples on the arrays was randomized for both cases and controls. Chi-square and Wilcoxon rank-sum tests were used to compare gender and age distributions between ART and control samples, respectively.
Normalization and quality controls
We used the GenomeStudio software from Illumina to process the raw intensity data (IDAT files) for all 88 samples. 
Detection of outliers
Outliers were detected by sorting all 88 data samples along the first principal component PC1 (Fig. 1) and computing the gap sizes between neighboring samples. A change point detection algorithm was then applied to the series of 87 gap sizes using the function cpt.mean of the R package changepoint (54) . The last 15 gap sizes in the series were identified as being substantially different from the rest of the data, which was detected by both the 'at most one change' and pruned exact linear time algorithms (Supplementary Material, Fig. 8 ). Therefore, we considered the 15 data samples with the largest PC1 values to be outliers. The detected change-point gap specifies the threshold value (approximately at PC1 = 17, see Fig. 1 ) that separates outliers from the rest of the dataset.
Differential DNA methylation analysis
A non-parametric Mann-Whitney U test was used to identify CpGs that were differentially methylated between comparison groups. P-values for the differentially methylated CpG sites were corrected for multiple hypothesis testing using the BenjaminiHochberg procedure and a q-value of 0.05 was used as a threshold for statistical significance. Beta values were imported into the Qlucore Omics Explorer (QOE v2.2). For unsupervised clustering analyses, the top 1000 differentially methylated probes between comparison groups were used and representative PCA plots and heatmaps were generated. For PCA plots, data normalization in QOE was set to mean = 0, variance = 1. Statistical significance of target differentially methylated CpG sites between various comparison groups was set to false discovery rate q < 0.01. We used probe-level regression analysis implemented in limma R package to assess the influence of various factors on the DNA methylation level at each of the 414 320 CpG sites. The independent variables used in the linear regression model were the ART status, sex, smoking, delivery route, maternal age at delivery, paternal age, preterm status and outlier status (as defined before). The P-values associated with each of the factor values were corrected for multiple testing using the strict Bonferroni method (55) and the more permissive BenjaminiHochberg (56) FDR correction method.
Bisulfite pyrosequencing
Targeted DNA methylation analysis for the top differentially methylated probes on the Illumina 450K array was performed using pyrosequencing as previously described (22) . Pyrosequencing assays containing two PCR primers and one sequencing primer were designed to target CpG sites of interest using PyroMark Assay Design Software (Qiagen). One of the PCR primers has a universal tag that anneals to the universal biotinylated primer. Genomic DNA was sodium bisulfite converted in the same manner as for the Illumina microarray and amplified using Hot-Start Taq polymerase (Qiagen). Amplicons were analyzed on a Q24 pyrosequencer (Qiagen) as specified by the manufacturer. Percent methylation was quantified as the ratio of C to C + T using the PyroMark Q24 software (Qiagen). Pyrosequencing primers are provided in Supplementary Material, Table 5 . For quantification of methylation level of the LINE-1 retrotransposable element, we used the PyroMark Q24 CpG LINE-1 kit (Qiagen) which uses real-time, sequence-based Pyrosequencing ® technology to quantify methylation level of three CpG sites in positions 331-318 of LINE-1 (GenBank accession number X58075).
Supplementary Material
Supplementary Material is available at HMG online. Array DNA methylation data can be accessed from the gene expression omnibus GEO under the accession #GSE120250.
